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A B S T R A C T
DWCNTs have numerous industrial and biomedical applications and several studies reported that they
could act as immunomodulator systems. The immune system is the ﬁrst line of defence of the human
body when exposed to particulate matter. In order to investigate DWCNTs’ role on innate immunity, we
used THP-1 monocytic cells for the purpose of this study.
We showed that DWCNTs were not cytotoxic until 6 h, 24 h, 48 h and 72 h of incubation with THP-1
monocytic cells (concentrations tested from 10 to 50 mg/mL). From 6 h to 72 h of incubation of THP-1 cells
with DWCNTs, we measured a signiﬁcant increase of the baseline cell index using xCELLigence1
technology showing cell adhesion. After 24 h of exposure, DWCNTs agglomerates were localized in THP-1
monocyte cytoplasm and cell adhesion was observed simultaneously with a signiﬁcant increase in the
expression of CD11b and CD14 cell surface proteins. Pro-inﬂammatory cytokine secretion (IL-1b, IL-6, IL-
8, TNF-a and IL-10) was also measured in supernatants after 6 h or 24 h of exposure to DWCNTs. This pro-
inﬂammatory response was increased in THP-1 monocytic cells pre-treated with LPS.
Altogether, our data indicate that DWCNTs induce an increased pro-inﬂammatory response of THP-1
monocytes and seem to modulate cell surface protein expression conﬁrming that DWCNTs could act as
stimulators of innate immunity.
1. Introduction
Nano-objects can be deﬁned as having at least one dimension
less than 100 nanometers (nm) in length. Among nano-objects,
nanotubes are deﬁned as having at least two dimensions in the
nanoscale (less than 100 nm) (ISO, 2008). Carbon nanotubes (CNTs)
are cylindrical carbon molecules, which can be divided into two
major groups: single-walled carbon nanotubes (SWCNTs), which
are made up of a single graphite sheet, wrapped into a cylindrical
tube, and multi-walled carbon nanotubes (MWCNTs) which are
multiple SWCNTs, concentrically nested. Due to their unique
physico-chemical properties such as electrical conductivity,
mechanical strength and thermal conductivity, MWCNTs could
be or are being used in various industrial sectors such as
electronics, aerospace or nanomedicine (Baughman et al., 2002;
Mundra et al., 2014).
However, their intrinsic physico-chemical properties also raise
the question of their effects on human health. Interestingly, a
recent study showed that anthropogenic carbon nanotubes are
found in the airways of asthmatic Parisian children, indicating a
daily environmental exposure to these nano-objects (Kolosnjaj-
Tabi et al., 2015). The International Agency for Research on Cancer
(IARC) recently classiﬁed one type of MWCNTs (MWCNT-7) as
“possibly carcinogenic to humans” (Group 2B); and SWCNTs and
MWCNTs (excluding MWCNT-7) were categorised as not classiﬁ-
able as to their carcinogenicity to humans (Group 3) (Grosse et al.,
2014). Several studies report potentially toxic effects of SWCNTs or
MWCNTs to human health but these biological effects are merely
being discussed and still not very well understood (Ong et al., 2014;
Liu et al., 2013; Miozzi et al., 2016). The immune system is the ﬁrst
line of defence of the human body when exposed to particulate
matter like CNTs. Several studies have pointed out the implications
of the immune response after exposure to MWCNTs. A recent study
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showed that ICR (The Institute for Cancer Research) mice exposed
to MWCNT-7 (single intraperitoneal administration) exhibit
sustained stimulating effects on immune and inﬂammatory
responses (Yamaguchi et al., 2012). Other authors showed that
MWCNTs intratracheal instillation might induce allergic responses
in mice through B cell activation by Th2-type cytokines (IL-4, IL-5
and IL-10), and IgE production (Park et al., 2009). Moreover,
Laverny and colleagues showed, using peripheral blood mononu-
clear cells (PBMCs), that exposure to MWCNTs can promote or
suppress immune response depending on the cell’s origin: from
healthy subjects and from patients with allergy against house dust
mites, respectively (Laverny et al., 2013). Interestingly, it has
recently been shown that MWCNT exposure increases adhesion of
THP-1 monocytes to endothelial cells in an in vitro model of the
alveolo-capillary barrier (constituted of A549 epithelial and
HUVECs endothelial cell lines) simultaneously with oxidative
stress, indicating an increased expression of THP-1 monocytic cell
surface adhesion proteins (Cao et al., 2015). It has been shown that
monocytes in response to environmental stimuli can differentiate
into inﬂammatory or anti-inﬂammatory subsets (Yang et al., 2014).
Pondman et al. showed that complement opsonisation of CNTs
signiﬁcantly increase their internalization with concomitant
down-regulation of pro-inﬂammatory cytokines and up-regulation
of anti-inﬂammatory cytokines in both U937 cells and human
monocytes (Pondman et al., 2014). It was notably reported that
CNTs injected into mice induced inﬂammation and activation of
innate cells such as monocytes/macrophages, resulting in pro-
inﬂammatory cytokine secretion, which in turn stimulates Th cells
(Grecco et al., 2011; Yamaguchi et al., 2012). Hamilton and his
colleagues investigated how MWCNTs’ physico-chemical charac-
teristics may inﬂuence bioactivity on THP-1 macrophages. They
found that increased MWCNT length or diameter raised inﬂam-
masome activation and pro-inﬂammatory response in these cells,
similarly to alveolar macrophages isolated from C57BL/6 mice
(Hamilton et al., 2013).
In the present study, we tested CNTs (approximately 80%
double-walled CNTs, 20% SWCNTs and a few triple-walled CNTs) to
explore the effects on THP-1 monocyte phenotype, CNT cellular
internalization and pro-inﬂammatory response, using ﬂow
cytometry, transmission electron microscopy (TEM) and multiplex
ELISA. Our aim was to determine the role of CNTs on monocyte
function. We showed, after 24 h of exposure, that CNTs were not
cytotoxic but were internalized by THP-1 monocytic cells. THP-1
cells became adherent and signiﬁcant increases in pro-inﬂamma-
tory cytokines and chemokines were measured in supernatants
(IL-1b, IL-6, IL-8, TNF-a and IL-10) compared to controls. Moreover,
we measured an increased expression of CD11b and CD14 cell
surface proteins compared to controls. CD11b is the a subunit of
the integrin cell surface receptor complement receptor 3 and
functions in a heterodimer with CD18 to allow recognition and
phagocytosis of iC3b opsonized particles (Pahl et al., 1993). CD11b
is selectively expressed on the surface of mature monocytes,
macrophages, granulocytes and natural killer cells. CD14, on the
other hand, functions in concert with LPS binding protein and TLR-
4 in the detection and binding of lipopolysaccharide (Methe et al.,
2005).
Because DWCNTs are at the interface between SWCNTs and
MWCNTs with a larger number of walls, we believe that these
results can be extrapolated to all kind of CNTs.
2. Methods
2.1. Cell culture
THP-1 human monocytic cell line was obtained from the
European Collection of Cell Cultures (ECACC, Reference 88081201),
and grown in RPMI 1640 medium containing GlutamaxTM (Life
Technologies, Reference 61870) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; Lonza, Reference DE14-801)
and antibiotics 100 U/mL penicillin and 100 mg/mL streptomycin
(Life Technologies, Reference15140). In order to avoid any cellular
stress, cells were maintained in exponential growth between 2 and
9 ! 105 cells/mL in a humidiﬁed atmosphere at 37 "C and 5% CO2.
2.2. DWCNTs synthesis, preparation and characterization
DWCNTs were produced by catalytic chemical vapour decom-
position (CCVD) of CH4 over MgC1xCoxO solid solution containing a
small addition of Molybdenum (Flahaut et al., 2003). After CCVD,
the catalyst and support were removed by treatment of the sample
with a concentrated aqueous hydrochloric acid solution. High-
resolution transmission electron microscopy (TEM) showed that a
typical sample consists of 77% DWCNTs,18% SWCNTs and 5% triple-
walled CNTs. Diameter distribution of DWCNTs ranged from 0.5 to
2.5 nm for inner tubes (median inner diameter = 2.0 nm) and from
1.2 to 3.2 nm for outer tubes (median outer diameter = 1.3 nm). The
length of individual DWCNTs usually ranges between 1 and 10 mm,
although bundles may be much longer (up to 100 mm, at least). Due
to the synthesis and catalyst-elimination process, the walls of the
DWCNTs are not expected to be functionalized (particularly by
oxygen-containing functional groups). Brunauer Emmet Teller
(BET) speciﬁc surface area was 985 m2/g.
DWCNTs were sterilized and then dispersed in PBS containing
25% (v/v) FBS at a concentration of 5 mg/mL by vortexing for 30 s
and sonicating for 5 min in an ultrasonic bath (Advantage Lab,
Catalogue number Al 04-02) at room temperature. This procedure
was repeated ﬁve times. A “sham stock solution” of sterile PBS
containing 25% (v/v) FBS was prepared and sonicated in parallel for
use as control. These stock solutions were kept at 4 "C. Before cell
exposure, the DWCNTs’ stock solution was ﬁrstly vortexed for 30 s
and then sonicated for 5 min in an ultrasonic bath. Suspensions
were then diluted in the complete cell culture medium to the
required concentration.
DWCNTs were suspended at a concentration of 200 mg/mL in
the complete culture medium and then particle size distribution
was measured using laser diffraction granulometry (Horiba,
Partica LA-950 V2).
2.3. Trypan blue exclusion assay
THP-1 cells were seeded in 12-well plates and immediately
incubated with DWCNTs at different concentrations (0, 10, 25 and
50 mg/mL) in RPMI 1640 medium supplemented with 10% (v/v) FCS
for 6 h, 24 h, 48 h or 72 h at 37 "C. Then, cell suspensions were
diluted to half with 100 mL of a mix containing RPMI 1640 medium
supplemented with 10% (v/v) FCS (50% v/v) and Trypan blue (Life
Technologies, Catalogue number 15250-061) (50% v/v). After
1 min, viable and dead cells were counted under a light microscope
(Leitz Laborlux K).
2.4. LIVE/DEAD1 cytotoxicity assay
Cell suspensions were exposed to DWCNTs at different
concentrations (0, 10, 25 and 50 mg/mL) in 24-well culture plates
for 48 h or 72 h. Cytotoxicity was then assessed using the LIVE/
DEAD1 viability/cytotoxicity kit for mammalian cells (Life
Technologies, Reference L-3224) according to the manufacturer’s
instructions and analysed using a ﬂow cytometer (Becton Dick-
inson Biosciences, LSRII). This assay allows simultaneous determi-
nation of live and dead cells using two probes: on the one hand,
non ﬂuorescent cell-permeant calcein AM is cleaved by cyto-
plasmic esterases producing intensely green ﬂuorescent calcein
well retained within live cells, on the other hand, ethidium
homodimer (EthD-1) enters cells with damaged membranes and,
upon binding to nucleic acids, produces a bright red ﬂuorescence.
EthD-1 is excluded by the intact plasma membrane of live cells.
CountBrightTM Absolute Counting Beads (Life Technologies, Refer-
ence C36950) were used to quantify cell populations, and were
added prior to data acquisition on a BDLSR IITM ﬂow cytometer
with BD FACSDiva1 software. Fluorescence emission of cells was
analyzed using 488 nm excitation wavelength. For each sample,
3 ! 103 beads events were collected to ensure statistically
signiﬁcant determination of sample volumes, and mean ﬂuores-
cence of about 5.5 !104 cells was determined. A gating with a
combination of parameters separated all events. Counting Beads
were brightly ﬂuorescent at the two emission wavelengths (l
excitation = 488 nm; l emission for calcein = 530 nm/bandpass
30 nm and l emission for ethidium homodimer–1 = 610 nm/
20 nm bandpass) while DWCNTs were not. No interference
between bead and DWCNT ﬂuorescence was recorded (data not
shown). Data analysis was realized using FCS Express1 Software
(De Novo Software).
2.5. xCELLigence real-time cell analysis (RTCA): cell adhesion assay
Real time monitoring of THP-1 living cells was performed using
the xCELLigence RTCA DP instrument (ACEA Biosciences) which
was placed in a humidiﬁed incubator at 37 "C and 5% CO2.
Cell adhesion experiments were carried out using 16-well
plates (ACEA Biosciences, Reference 00300600880). Initially,
100 mL of culture medium was added to each well and a
background measurement step was performed as a background
signal generated by cell-free medium. To initiate the experiment,
THP-1 cells were counted and seeded at concentrations of
3 ! 104 viable cells/well and directly exposed to DWCNTs (10 and
50 mg/mL) or 15 ng/mL phorbol 12-myristate 13 acetate (PMA;
Sigma–Aldrich, Reference P8139). Control cells were only incubat-
ed with cell culture medium. Each condition was performed in
quadruplicate with a programmed signal detection schedule once
every minute during 72 h of incubation.
2.6. Surface antigen expression
After 48 h or 72 h of incubation of DWCNTs with 7.5 !105 THP-1
monocytes, cells were centrifuged, washed with PBS and incubated
with 200 mL of a mix solution of diluted FITC-conjugated anti-
human CD11b (Beckman Coulter, Reference IMO530) and RD1-
conjugated anti-human MY4 (CD14, Beckman Coulter, Reference
6603262) monoclonal antibodies (1:10 and 1:40 dilutions
respectively) in PBS for 40 min at 4 "C. Cells were then washed
twice with 2 mL of PBS. Cell pellet was then resuspended with
0.5 mL of PBS containing 1 mg/mL Hoechst 33258 (Invitrogen,
Reference H3569) and kept on ice protected from light until ﬂow
cytometry analysis. Individual compensation settings were per-
formed using antibody-capture beads (Beckton Dickinson Bio-
sciences, CompBeads). Appropriate isotypic controls (Beckman
Coulter; IgG1-FITC, Reference A07795; and MsIgG2B-RD1, Refer-
ence 6603038) were used to determine non-speciﬁc staining of
monoclonal antibodies, based on the ﬂuorescence minus one
(FMO) controls. 5 !104 events were recorded. Gating on the
Forward Scatter (FSC) area and FSC width signals performed
doublets discrimination. Staining with Hoechst 33258 and UV
excitation of the dye gated out dead cells. Mean ﬂuorescence
intensity (MFI) for each labelling was quantiﬁed and the relative
ﬂuorescence intensity (RFI) was calculated as follows:
RFI = MFI/MFI of corresponding FMO control
2.7. Inﬂammatory cytokine release detection
THP-1 monocytes were incubated with different concentrations
of DWCNTs (0, 10, 25 and 50 mg/mL) in 24-well culture plates for
6 h or 24 h. Pre-treatments with 100 ng/mL LPS were also
performed to investigate THP-1 pro-inﬂammatory response of
conditioned cells. After these incubations, cells were centrifuged at
2000 ! g for 10 min. Then, supernatants were collected and an
additional centrifugation at 2000 ! g for 10 min was realized
before storage at #80 "C until cytokine release analysis. Quantiﬁ-
cation of IL-1b, IL-6, IL-8, IL-10, IL-12, and TNF-a was performed
simultaneously in supernatants (50 mL) using the Cytometric Bead
Array kit (CBA; Beckton Dickinson Biosciences) according to the
manufacturer’s instructions. Samples were acquired on a LSR IITM
ﬂow cytometer and concentrations of each cytokine were
determined in pg/mL on the basis of standard curves and
regression analysis. Limits of detection for each protein using
the CBA kit were: IL-1b (7.2 pg/mL), IL-6 (2.5 pg/mL), IL-8 (3.6 pg/
mL), IL-10 (3.3 pg/mL), IL-12 (1.9 pg/mL) and TNF-a (3.7 pg/mL).
2.8. Electron microscopy
Cellular suspensions were ﬁxed in a solution of 4% (v/v)
glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4. Cells were
post-ﬁxed in a 1% (v/v) osmium tetroxide solution during 2 h at
room temperature. THP-1 monocytes were then mixed in a liquid
low melting point gelatine solution and quickly brought back to
room temperature. Samples of solid gelatine were cut, dehydrated
and embedded in Spurr resin (Sigma-Aldrich, Reference EM0300).
Semi-thin sections of 1 mm stained with Toluidine blue were used
for histological analysis (data not shown). Ultrathin sections
stained with uranyl acetate and post stained with lead citrate were
observed on a JEOL 1010 transmission electron microscope.
Photographs were taken with a Gatan ES 500 camera.
2.9. Statistical analysis
Data are represented as mean of three independent experi-
ments $ standard deviation (SD). Data were analysed by one-way
analysis of variance (ANOVA) followed by Dunnett’s t-test to
compare the different groups treated to the control (a risk = 0.05).
To examine differences between pairs of groups, Student’s t-tests
(a risk = 0.05) were used.
3. Results
3.1. Characterization of size distribution of DWCNTs in the relevant
biological media
To analyze size distribution of DWCNT agglomerates in cell
culture media, we used laser diffraction. Size analysis revealed
micronic agglomerates with sizes comprised between 3.9 and
44.9 mm (Fig. 1). The measured median diameter is 6.9 $ 1.7 mm.
3.2. DWCNTs do not induce cytotoxicity on THP-1 monocytic cells
To measure cytotoxicity of DWCNTs on THP-1 monocytic cells
avoiding interferences with the assay, we performed, on the one
hand, Trypan blue assay. After 6 h, 24 h, 48 h or 72 h of incubation,
DWCNTs did not induce signiﬁcant cytotoxicity on THP-1 mono-
cytes (Fig. 2).
On the other hand, we used the LIVE/DEAD1 viability/
cytotoxicity assay kit. No signiﬁcant decrease in the cell viability
was observed after 48 h or 72 h of incubation with THP-1 cells
(Fig. S1).
3.3. DWCNTs induce cell adhesion
To determine if DWCNTs have an effect on cell adhesion, we
used xCELLigence1 technology. Real time monitoring of living cells
using xCELLigence1 technology is a useful high throughput
screening method allowing to measure cell adhesion. The more
cells are attached to the electrodes of the E-plate, the larger the
increase in electrode impedance.
We showed that baseline cell index was immediately,
signiﬁcantly increased after incubation with 15 ng/mL PMA
(positive control) indicating that THP-1 monocytes became
adherents (Fig. 3). After 6 h of exposure to 10 or 50 mg/mL
DWCNTs, baseline cell indexes were signiﬁcantly increased. From
20 h to 72 h, after 50 mg/mL DWCNT incubation, baseline cell
indexes were signiﬁcantly more increased than 10 mg/mL DWCNTs.
Consequently, increase in baseline cell index seems to be
concentration-dependent.
To ensure that increases in baseline cell indexes were not due to
sedimentation of DWCNT agglomerates, we used control wells
containing only DWCNTs. No signiﬁcant increase in the baseline
cell index was measured (data not shown).
3.4. DWCNTs are internalized by THP-1 monocytic cells and induce
CD11b and CD14 expression
In order to determine if THP-1 monocytes are able to internalize
DWCNTs, we performed observations by TEM. After 24 h of
incubation of 10 mg/mL DWCNTs, THP-1 cells became adherent
and we observed nanoparticle agglomerates in the cytoplasm
(Fig. 4A and B). These agglomerates look like carbon encapsulated
Co nanoparticles described to be present in the raw material. This
may be an indirect evidence of the presence of associated CNTs.
Size of internalized agglomerates was in the micron range. No
DWCNTs were observed in cell nuclei nor in the nucleolus.
Because we observed DWCNT internalization and cell adhesion,
we investigated if expression of differentiation surface markers
was induced. Once differentiated, THP-1 cells express CD11b and
CD14 on their plasma membrane (Moeenrezakhanlou et al., 2008).
CD11b expression was signiﬁcantly increased after 48 h and 72 h
DWCNT exposure up to approximately 36% and 60% respectively
for each tested concentration, compared to corresponding controls
(Fig. 4C). Signiﬁcant amounts of CD14 were also measured after
48 h and 72 h DWCNT exposure up to approximately 22% and 24%
respectively for each tested concentration compared to corre-
sponding controls (Fig. 4D).
3.5. DWCNTs induce pro-inﬂammatory cytokine and chemokine
release by THP-1 monocytes
To explore the DWCNTs’ pro-inﬂammatory effects we measured
cytokine and chemokine secretion (IL-1b, IL-6, IL-8, TNF-a, IL-10
and IL-12) in THP-1 cell supernatants, after 6 h or 24 h of exposure.
To determine if differential effects were observed on stimulated
THP-1 monocytes, the same experiments were performed on LPS
pre-treated cells.
Effects of DWCNTs on THP-1 cells after 6 h of incubation
Signiﬁcant amounts of IL-1b and IL-8 were detected after
incubation with 25 and 50 mg/mL DWCNTs compared to controls
(Fig. 5A and C), while signiﬁcant releases of IL-6, TNF-a and IL-10
were only measured in response to 50 mg/mL DWCNT exposure
(Fig. 5B,D,E). Signiﬁcant secretion of IL-12 was not detected in any
of the cell supernatants in our conditions (Fig. 5F).
In case of LPS pre-treated THP-1 cells, signiﬁcant amounts of IL-
1b were detected at 25 and 50 mg/mL (Fig. 5A), and signiﬁcant
releases of TNF-a and IL-10 were measured in response to 50 mg/
mL DWCNT incubation (Fig. 5D and E) compared to controls.
Statistical comparisons revealed signiﬁcant differences be-
tween cells with or without LPS pre-treatment for IL-6 (10 mg/mL;
Fig. 3B), IL-8 (0, 10 and 25 mg/mL; Fig. 5C) and IL-10 (25 and 50 mg/
mL; Fig. 5E).
Effects of DWCNTs on THP-1 cells after 24 h of incubation
Signiﬁcant increase in IL-1b secretion was measured after
incubation with 25 and 50 mg/mL DWCNTs compared to controls
(Fig. 5A). Signiﬁcant secretions of IL-6, IL-8, TNF-a and IL-10 were
Fig. 1. Size distribution of DWCNTs in the culture medium. Size analysis was
performed using laser diffraction. DWCNTs were suspended in RPMI 1640 cell
culture medium supplemented with 10% (v/v) FBS. The curve represents DWCNTs
size distribution of one representative experiment.
Fig. 2. Cytotoxicity of DWCNTs on THP-1 cells. THP-1 cells were incubated for 6 h,
24 h, 48 h or 72 h to DWCNTs. Cell viability was measured using Trypan blue. Data
represent the mean (SD) of three independent experiments.
Fig. 3. Real time cell monitoring of THP-1 monocytes exposed to DWCNTs. Curves
represent the baseline cell index across time. Control cells (blue curve, baseline) are
only incubated in cell culture medium. THP-1 monocytes were incubated with
15 ng/mL phorbol 12-myristate 13-acetate (PMA; red curve), 10 or 50 mg/mL
DWCNTs (orange and red curves, respectively). Data represent one representative
experiment of quadruplicates during 72 h (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.).
Fig. 4. DWCNTs internalization and differentiation surface markers expression by THP-1 cells. After exposure to 10 mg/mL DWCNTs for 24 h, THP-1 cells were observed by
transmission electron microscopy (A; scale bar 2 mm). DWCNTs were detected in the cytoplasm of these monocytes (B; scale bar 1 mm). After exposure to 10 mg/mL DWCNTs
for 48 h (C and D, grey bars) or 72 h (C and D black bars), CD11b (C) and CD14 (D) differentiation surface marker expression by THP-1 cells was determined by ﬂow cytometry.
Mean ﬂuorescence intensity for each labeling was quantiﬁed and expressed as the relative ﬂuorescence intensity (RFI) reported in percentage of the corresponding control.
Data represent the mean (SD) of three independent experiments. One-way ANOVA and Dunett’s post-test (comparisons vs. control cells not exposed to DWCNTs) were
performed (*p < 0.1; **p < 0.01).
Fig. 5. Pro-inﬂammatory potential of DWCNTs on THP-1 cells. Cells were exposed for h or 24 h to 0, 10, 25, 50 mg/mL DWCNTs without or with 100 ng/mL LPS pre-treatment
(hatched or grey bars respectively). IL-1b, IL-6, IL-8, TNF-a, IL-10 and IL-12 were then measured by ELISA multiplex in cell supernatants (A, B, C, D, E and F respectively). Data
represent the mean (SD) of three independent experiments. One-way ANOVA and Dunett’s post-test were performed to compare each DWCNTs exposed cells to
corresponding controls (*p < 0.1; **p < 0.01; ***p < 0.001). One-way ANOVA and Tukey’s post-test were also performed to compare for each DWCNTs concentration not LPS
pre-treated cells vs. pre-treated cells (#p < 0.1; # #p < 0.01; # # #p < 0.001).
detected in response to the highest dose of DWCNTs (50 mg/mL;
Fig. 5B–D).
For LPS pre-treated THP-1 monocytic cells, signiﬁcant amounts
of IL-1b, IL-6 and IL-8 were secreted at 10, 25 and 50 mg/mL
compared to controls (Fig. 5A–C). Signiﬁcant increases in TNF-a
and IL-10 were respectively detected at 25 and 50 mg/mL DWCNTs
(Fig. 5D), and 50 mg/mL DWCNTs (Fig. 5E).
Statistical comparisons revealed signiﬁcant differences be-
tween cells with or without LPS pre-treatment for IL-1b (10, 25,
50 mg/mL; Fig. 3A), IL-6 (10, 25, 50 mg/mL; Fig. 3B), IL-8 (0, 10, 25
and 50 mg/mL; Fig. 5C) and IL-10 (25 mg/mL; Fig. 5E).
4. Discussion
The objective of this study was to assess involvement of innate
immunity and inﬂammatory response after DWCNT exposure. For
this purpose, monocytic THP-1 cells were incubated 6 h, 24 h, 48 h
or 72 h with DWCNTs. We have clearly shown that secretion of pro-
inﬂammatory cytokines (IL-1b, IL-6, IL-8, TNF-a and IL-10) after
exposure to DWCNTs was concomitant to cellular adhesion and to
CD11b/CD14 increased expression.
The state of agglomeration of DWCNTs was characterized in
exposure media containing 10% FCS. Given that the primary length
of DWCNTs usually ranges between 1 and 10 mm, we found that
DWCNTs were agglomerated in the cell culture medium with a size
distribution between 3.9 and 44.9 mm. Interestingly, Sauer et al.
have recently shown that bovine serum albumin (BSA) containing
media induced stronger agglomeration than porcine lung surfac-
tant (Sauer et al., 2015). Consequently, we hypothesized that the
agglomeration could be due to the large amount of FCS (containing
BSA) in the cell culture medium used in this study.
We found that DWCNTs did not induce cytotoxicity after 6 h,
24 h, 48 h and 72 h of incubation with THP-1 monocytes. In
literature, THP-1 cells are mainly used differentiated in “macro-
phage-like” cells after incubation with inducers such as phorbol
12-myristate 13-acetate (PMA) or 12-O-tetrade-canoylphorbol-13-
acetate (TPA) (Tsuchiya et al., 1982; Lanone et al., 2009). Only a few
studies were focused on DWCNT toxicity on monocytic cells.
Recently, Pescatori and colleagues incubated a series of MWCNTs
differing in terms of both functional groups and diameter with
THP-1 undifferentiated cells (Pescatori et al., 2013). To detect cells
undergoing apoptosis and necrosis they analysed annexin-V FITC
and propidium iodide staining by ﬂow cytometry. Their results
were consistent with our ﬁndings, as they did not report
cytotoxicity until 100 mg/mL after 24 h of exposure. Laverny and
colleagues also published results consistent with our study, as they
did not report cell viability decrease after 48 h of incubation of
human peripheral blood mononuclear cells (PBMC) with MWCNTs
(Laverny et al., 2013). However, Haniu and colleagues found
cytotoxicity after 24 h of incubation of undifferentiated THP-1 cells
to 10 or 100 mg/mL MWCNTs (Haniu et al., 2011). This result could
be due to the smallest length of MWCNTs (size distribution
between 7 and 10 mm). Interestingly, other authors exposed DHD/
K12/Trb rat cells during 6 h and 24 h to the same batch of DWCNTs
used in our study and they showed a signiﬁcant reduction in cell
viability (Fiorito et al., 2014). We hypothesized that these rat colon
adenocarcinoma cells are more sensitive to DWCNTs than THP-1
monocytic cells.
As innate immunity adherence to endothelia or to the
extracellular matrix is a prerequisite for extravasation of mono-
cytes into injured tissues; we have investigated the ability of
DWCNTs to induce monocytic adhesion. Recently, Cao et al. found
that exposure of HUVECs to MWCNTs signiﬁcantly increased
oxidative stress and THP-1 monocyte adhesion, while another
study did not reveal any cytotoxicity of CNTs on the same cell line
(Cao et al., 2015; Flahaut et al., 2006). Using xCELLigence1
technology, we found that direct incubation with DWCNTs, THP-1
became adherent to E-plates indicating a direct role on innate
immunity. This result is consistent with the only study (to our
knowledge) showing that CNTs stimulate adhesion of THP-1
monocytes (De Nicola et al., 2013). However, contrary to our study
they found that monocytes were not able to internalize CNTs. This
could be attributed to different physico-chemical properties
between the CNTs used.
In addition to DWCNT agglomerate phagocytosis, we also
showed maturation of THP-1 monocytes with increased CD11b and
CD14 expression. Normally, CD14 is downregulated during
monocyte differentiation in macrophages (Daigneault et al.,
2010; Steinbach and Thiele, 1994). Consequently, we suppose that
cells obtained after DWCNT incubation are not fully differentiated
macrophages. However, we did not ﬁnd any other study in the
literature investigating effects of DWCNT exposure on CD14
expression by human monocytes. Some authors have recently
shown that CD14 and CD11b were up-regulated after MWCNT
incubation with RAW264.7 macrophages while it down-regulated
a complex of toll-like receptor 4 and myeloid differentiation factor
2 (TLR4/MD2) (Meng et al., 2015). Thus, they hypothesized that up-
regulation of CD14 was related to TLR4 endocytosis and that
signiﬁcant increases of CD11b acting as pattern recognition
receptor is linked to the MWCNT phagocytosis process. Another
computational study also suggested that CNTs might also be
recognized as pathogens by toll-like receptors (Turabekova et al.,
2014). Consequently, on the one hand, increased CD14 expression
could also be associated to TLR4 endocytosis and/or recognition of
DWCNTs by toll-like receptors, but further experiments need to be
carried out to conﬁrm this mechanism. On the other hand,
phagocytosis has been described as the main mechanism of
internalization pathway for CNT agglomerates, bundles, clusters or
single dispersed nanotubes 1 mm or more in length, while
endocytosis or diffusion were attributed to smallest objects (Raffa
et al., 2010). Thus, increased CD11b expression is very likely related
to the observed phagocytosis of CNT aggregates by THP-1
monocytes. As Elgrabli et al. have recently shown that oxidative
stress is implicated in MWCNT degradation by THP-1 macrophage-
like cells, it would be interesting to perform additional experi-
ments in order to investigate if this pathway is also involved after
THP-1 monocytic cells exposure (Elgrabli et al., 2015).
Yamaguchi and colleagues demonstrated that MWCNTs in-
duced sustained stimulating effects on immune and inﬂammatory
responses after intraperitoneal administration in ICR mice with
increased numbers of leukocytes, monocytes and granulocytes in
peripheral blood (Yamaguchi et al., 2012). Consequently, it was
relevant to investigate the pro-inﬂammatory effects of DWCNTs on
monocytes and we showed a strong pro-inﬂammatory response
after 6 h or 24 h of incubation. Concomitantly with cell adhesion
and DWCNT phagocytosis, a signiﬁcant release of IL-1b was
measured. This result corroborates the study of Meunier and
colleagues demonstrating that the same batch of DWCNTs induced
IL-1b release by primary human monocytes requiring potassium
efﬂux and phagocytosis (Meunier et al., 2012). The strong increase
in IL-1b could be in a great part due to the fact that these DWCNTs
are not surface functionalized. It was shown in vitro, as well as in
vivo, that CNT chemical surface functionalization induced signiﬁ-
cant decreases of IL-1b secretion and recruitment of neutrophils
and monocytes (Yang et al., 2013). Interestingly, Kanno et al.
recently investigated role Rho kinases (ROCK1, and 2) known to be
involved in many cellular functions such as adhesion, regulation of
cytoskeleton, and phagocytosis (Kanno et al., 2015). They demon-
strate ROCKs involvement in inﬂammatory response after THP-1
differentiated macrophages exposure to MWCNTs. As we observed
adhesion, phagocytosis and signiﬁcant IL-1b release by unprimed
and LPS-primed THP-1 monocytes, we suggest that ROCKs are also
involved in this inﬂammatory response.
Exposure of THP-1 monocytes to DWCNTs also mainly induced
a signiﬁcant increase of IL-6 secretion in LPS primed THP-1 while a
signiﬁcant increase was only measured after 50 mg/mL exposure in
unprimed THP-1 cell supernatants. Some authors have previously
shown that IFN-g and TNF-a are implicated in IL-6 and IL-6
receptor modulation (Sanceau et al., 1991). IL-1b may have
induced TNF-a secretion in THP-1 monocytes as it was previously
shown in human mononuclear cells in vitro by Ikejima and
colleagues (Ikejima et al., 1990). The observed IL-1b and TNF-a
secretion after 6 h of exposure of THP-1 cells to DWCNTs may have
induced a signiﬁcant increase of IL-6 secretion after 24 h of
exposure. IL-1b and TNF-a secretion may have activated the B-cell
speciﬁc transcription factor NF-kB and consequently pro-inﬂam-
matory secretion of IL-6 and IL-8 as previously described (Bonizzi
and Karin, 2004). IL-6 is known to play an important role in
monocytic cell differentiation (Chomarat et al., 2000). Moreover,
we also measured very signiﬁcant amounts of IL-10 at the highest
DWCNT concentration. IL-10 may also promote monocyte differ-
entiation in macrophage-like cells as previously shown by Allavena
and colleagues (Allavena et al., 1998). We therefore hypothesized
that DWCNTs, as observed after exposure to the highest
concentration, mimic IFN-g effects and act as monocyte-macro-
phage activators.
5. Conclusions
In conclusion, our experiments showed that DWCNTs could
modify monocyte phenotype also inducing a strong inﬂammatory
response despite no decrease in cell viability. Thus, these DWCNTs
could also potentially have a signiﬁcant impact on the innate
immune system. These properties must be cautiously taken into
account especially in public health or nanomedicine issues. Due to
the speciﬁc nature of the DWCNTs used in this work, these results
may be extrapolated to both SWCNTs and MWCNTs in general.
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